The proximity of thoracic aortic aneurysm to the left subclavian artery (LSA) has made the coverage of LSA during thoracic endovascular aortic repair (TEVAR) be essential. Despite controversy concerning the safety of LSA coverage and the indications for LSA revascularizations, the cerebral hemodynamic change after LSA coverage has not been demonstrated. We prospectively examined two patients who would undergo TEVAR with LSA coverage by using 2D cine phase contrast MR imaging. After LSA coverage, the left subclavian steal was properly compensated by the increased flow volumes of both carotid arteries and right vertebral artery, which is the major collateral supply. The total brain supply after TEVAR did not lessen, which showed good correlation with uneventful clinical outcome. Therefore, 2D phase contrast MR imaging can be recommended as a useful technique to evaluate the hemodynamic change of the LSA coverage during TEVAR and to triage the candidate for LSA revascularization.
INTRODUCTION
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preoperative LSA revascularization reduced the risk of stroke or spinal cord injury (2) (3) (4) (5) (6) . Furthermore, the hemodynamic feature of LSA coverage has not been demonstrated systematically so far.
2D cine phase contrast MR imaging has been useful to evaluate the variety of cerebrovascular disease and their treatment response including carotid artery stenosis, moyamoya disease, and subclavian steal (7, 8) . The quantitative flow data can be obtained within a few minutes of scanning in a noninvasive manner and without contrast agent injection. However, there have been no observations of 2D phase contrast MR imaging describing the hemodynamic change after LSA coverage during TEVAR. In addition, the hemodynamic change of venous drainage and the cerebrospinal fluid (CSF) flux have not been addressed until recently.
In this case report, we present cerebral hemodynamic change of intentional LSA coverage during TEVAR in patients with traumatic aortic dissection or recurred aortic aneurysm by using 2D cine phase contrast MR imaging.
2D cine phase contrast MR imaging
The 2D cine phase contrast MR imaging was prospectively performed in two patients who were waiting for elective TEVAR by using a 1.5-T MR imaging unit (Signa, GE Medical, Milwaukee,WI, USA) before and 2 days after TEVAR, and the detailed scanning protocols are described at Table 1 . The acquisition planes for flow quantification were selected perpendicular to the presumed direction of the flow (Fig. 1) . The region of interest (ROI) was manually extracted at each level by using an image processing software (ReportCARD, GE Medical, Milwaukee,WI, USA), and its flow curves of arterial, venous and CSF were generated versus time over the 30 segments of one cardiac cycle (Fig. 2) . The flow volumes (FVs) of artery, vein, and CSF were recorded in mL/min, and the FVs of total cerebral blood flow ( FV TCBFs) were calculated as sum of both internal carotid arteries (ICA) and both vertebral arteries (VAs) at the level between first and second cervical spine (C1-2) or basilar artery (BA) at midbasilar artery (MBA) level. The arteriovenous transit time (AVTT) was defined as the difference between the time points (msec) that arterial and venous curve meet maximal slope.
Patient 1
A 76-year-old man had multiple fractures of left ribs, left scapular, left femur after bike accident. He complained of chest pain, and 3D chest CT angiography showed Stanford type B aortic dissection at arch distal to LSA origin (Fig. 3 ). There were left side hemothorax and hemoretroperitoneum. He had no neurologic deficit at admission. He had no previous history of hypertension or diabetes mellitus. Blood pressure was 80/50, and pulse rate was 110. Cerebral C1-2 ) and at aqueduct ( FV CSF aqueduct ) showed caudocephalad direction in averaging. The FV CSF C1-2 decrease in volume, and the FV CSF aqueduct changed into craniocaudal direction in averaging after TEVAR. The AVTTs after TEVAR were slightly shortened as comared to the AVTTs before (the change of AVTT 100 msec; Table 3 ).
CASE REPORT
The patient was assessed for neurologic and left arm symptoms, and did not show sign of paraplegia or cerebral ischemia. He was uneventful for 6 months of follow-up period, and 6 months follow-up CT angiography showed stable occlusion of aortic aneurysm.
Patient 2
Type A intramural hematoma was detected in a 61-year-man with acute onset back pain and dyspnea, and graft replacement of ascending aorta was performed for it six months ago. On six months a b follow-up 3D CT angiography, a 35 × 20 mm-sized aneurysmal sac was newly found at distal aortic arch (Fig. 4) . Cerebral MR angiography before TEVAR revealed no significant cerebral vascular abnormality and paralleling both side VAs. He had controlled diabetes mellitus. Blood pressure was 100/70, and heart rate was 76. Under general anesthesia, a spinal catheter was placed to monitor CSF pressure.
Procedures were performed in C-arm machine along with the systemic heparinization of 100 units per body weight (kg). The pig tail catheter via left femoral access was used to measure lesion length and landing zone. A 35 × 130 mm-sized endovascular stent-graft was delivered via 18F right femoral access. The proximal and distal landing zone was confirmed on fluoroscopy with contrast injection, and the distal end of stent-graft was deployed to cover LSA. Left CCA origin was confirmed to be intact on immediate postangiogram.
As compared to FV TCBFs before TEVAR, the FV TCBFs after TEVAR were 118.50% at C1-2 level and 169.19% at MBA level, respectively ( Table 2 ). The flow direction
The Table 3 ). The patient was uneventful for 6 months of followup period, and 6 months follow-up CT angiography showed stable occlusion of aortic aneurysm. Left CCA origin was spared, and the origin of LSA was covered without endoleak.
The proximity of thoracic aortic aneurysm or dissection to the LSA, especially located at landing zone 2, has occasionally required intentional coverage (2) (3) (4) . Controversy continues concerning the safety of LSA coverage and the indications for LSA revascularizations, with the importance of antegrade flow through the LSA for brain and spinal cord perfusion. The stroke and spinal cord ischemia associated with the intentional LSA coverage during TEVAR have been reported to be developed in 3.1-8.6% and in 2.5-2.8% of the patients, respectively (4-6). However, the primary revascularization of LSA did not offer protective effect against stroke, considering that the stroke rate between the revascularization and non-revascularization groups was not different (4, 5) . Interestingly, the most strokes were embolic and occurred in the anterior circulation (5) . The distal end of devices, wires, and catheters are likely to increase atheroma manipulation at arch, which can subsequently dislodge embolic material at the orifices of the great vessels. Our study results are consistent with these in that coverage of the LSA origin is usually well tolerated as a result of the collateral flow via the right VA (3-5). In our two patients, the total brain supply after TEVAR did not lessen despite subclavian steal, being actually 105.9-169.19% of that before TEVAR, which were well correlated with uneventful clinical outcome. Among them, the FV of right VA was most significantly increased among other arteries.
DISCUSSION
The From this viewpoint, the primary LSA revascularization is not mandatory before TEVAR, but should be considered in selected patients. Indications for primary LSA revascularization included a patent left internal mammary artery-left anterior descending artery bypass, a functioning dialysis fistula in the left arm, need for long segment aortic coverage, and prior or concomitant infrarenal aortic replacement. The secondary revascularization can be performed in patients that became symptomatic or present vertebrobasilar insufficiency after LSA coverage (3).
An atretic or stenotic right VA may increase risk for spinal cord ischemia, provided that the anterior spinal artery is partly formed from branches of the thyrocervical trunk. Therefore, cerebral CT or MR angiography before TEVAR should be recommended to visualize both vertebral and the basilar arteries and to exclude concomitant VA trauma or anomaly (9) . Duplex ultrasound may be helpful to evaluate the patency of the extracranial circulation especially of the right VA and presence of subclavian steal (10) . 2D phase contrast MRI may be useful in identifying candidate of primary or secondary LSA revascularization with an inadequate collateral vertebral circuit (7) (8) (9) . In our patients, the direction of left VA flow changed to retrograde fashion after LSA coverage. The amount of FV of retrograde left VA seems to be dependent upon pre-TEVAR VA dominancy, as seen from 168.60 mL/min at dominant left VA of patient 1 and 34.90 mL/min at equal both side VAs of patient 2. The subclavian steal behave like an arteriovenous shunt requiring supplies for left VA flow as well as basilar flow, which was compensated by the increased FV of other cerebral arteries including both ICAs and contralateral VA. The right VA is a major collateral supply, and the degree of increasing % of the patient 1 with non-dominant right VA was as high as 6 times than that of the patient 2 with equally dominant both VAs. It seems that non-dominant right VA may be rather insufficient to compensate the reversed dominant contralateral VA, although it became enlarged remarkably to supply collateral flow, as seen from that the FV BA after TEVAR of patient 1(nondominant right VA) and patient 2 (equally dominant VA) was 83.03% and 129.87% of FV BA before TEVAR, respectively. To the best of our knowledge, this is the first report to measure prospectively the FV changes of patients who undergone LSA coverage by using 2D cine phase contrast MR imaging. Even in a few literatures on the flow measurement of VA in the patients with subclavian steal by using Doppler ultrasound or 2D phase contrast MR imaging (7, 8, 10) , the direct and quantitative measurement of venous and CSF has not been made. In comparison to arterial FVs, the venous FVs after TEVAR showed rather inconsistent results. The FV SS+SSS ax after TEVAR were 106.03-107.70% of those before TEVAR, but the FV SS+SSS cor after TEVAR were 90.06-90.83% of those before TEVAR. The FV IJV and FV TS after TEVAR were 109.13-134.18% and 85.37-109.35% of those before TEVAR, respectively. Different angle and location of the scanning plane, and anatomical complexity of venous drainage might be considered. We could not find any consistent trend in the change of FV CSF. AVTT seemed to be shortened with varying degree, and the order of arterial and venous peak was sometimes reversed, which remains to be further investigated.
In terms of limitation, as being case report of two patients, the method of analysis depends only upon the comparison between before and after TEVAR. Whether preoperative evaluation of the vertebrobasilar system would allow selective LSA revascularization remains to be further investigated in a future prospective study of larger population. The patients were clinically observed during 6 months period, but there was no available 6 months follow-up 2D phase contrast MR imaging, although the chronic hemodynamic feature at 6 months may be different from that of immediate post-TEVAR. In summary, the total brain supply after TEVAR is properly compensated despite subclavian steal, most significantly by increased FV of right VA, which show good correlation with favorable clinical outcomes. 2D phase contrast MR imaging can be recommended as a useful technique to evaluate the hemodynamic change of the LSA coverage during TEVAR and to triage the candidate for LSA revascularization.
